ABSTRACT This article reports and applies a recently discovered programmable multimaterial deposition process to the formation and combinatorial improvement of 3D nanostructured devices. The gas-phase deposition process produces charged <5 nm particles of silver, tungsten, and platinum and uses externally biased electrodes to control the material flux and to turn deposition ON/OFF in selected domains. Domains host nanostructured dielectrics to define arrays of electrodynamic 10× nanolenses to further control the flux to form <100 nm resolution deposits. The unique feature of the process is that material type, amount, and sequence can be altered from one domain to the next leading to different types of nanostructures including multimaterial bridges, interconnects, or nanowire arrays with 20 nm positional accuracy. These features enable combinatorial nanostructured materials and device discovery. As a first demonstration, we produce and identify in a combinatorial way 3D nanostructured electrode designs that improve light scattering, absorption, and minority carrier extraction of bulk heterojunction photovoltaic cells. Photovoltaic cells from domains with long and dense nanowire arrays improve the relative power conversion efficiency by 47% when compared to flat domains on the same substrate.
I
norganic nanomaterials in the form of nanoparticles and nanowires have attracted attention due to their unusual properties including quantum size effects, high surface area-to-volume ratio, and increased catalytic activity. These properties have influenced almost every research discipline including the fields of printable electronics, optoelectronics, physical sensors, photovoltaics, biological screening, and environmental protection. [1] [2] [3] [4] [5] Available synthesis techniques can be grouped into two classes: low-temperature wet chemical and high-temperature gas/vapor phase methods. Gas/vapor phase methods such as thermal flow synthesis, [6] [7] [8] laser ablation, 9 sputtering, 10 plasma induced synthesis, 11 and arc discharge 12, 13 can produce nanoparticles and nanowires of various types including high-temperature and highperformance semiconductors that are difficult to make using low-temperature wet chemical methods.
A challenge today can be found in the design of gas phase systems that combine high-temperature synthesis with lowtemperature local area deposition on foreign substrates for printable electronics applications. Selected area deposition schemes are well established in the liquid phase but remain largely absent in the gas phase. Current direct write gasphase deposition methods use nozzles, or aerodynamic beams 14, 15 to deposit the materials locally in a serial fashion with 30 µm resolution. Selected area deposition has also been reported using prepatterned surfaces. For example, it has been demonstrated that charge-patterned insulators can be used to attract a limited amount of oppositely charged particles 16, 17 with <100 nm resolution. While prepatterned surfaces provided much higher resolution they remained limited to two-dimensional deposits of a few monolayer thicknesses. The use of prepatterned surfaces had the additional disadvantage that materials could not be altered to vary across the substrate. Very high resolution but monomaterial and two-dimensional prints have been the state of the art using prepatterned surfaces.
Recently Cole et al. 18 reported a deposition system that eliminated the limitations that the deposits can only be a few monolayers thick by introducing a concept that provides localized charge dissipation. This report extends this printing concept to a multimaterial deposition scheme demonstrating three-dimensional nanostructured deposits that are applied in the combinatory discovery of nanostructured devices. Specifically, we report a multimaterial selected area deposition process that produces <5 nm nanoparticles of Pt, Ag, and W, which are subsequently deposited into photoresist openings with sub-100 nm lateral resolutions and aspect ratios of 10. We demonstrate multimaterial nanostructures that contain sections of Pt, Ag, and W, whereas individual thickness, density, and height is varied and the sequence of the material is switched and selected to be different from one domain to the next. The reported gas phase process shares some of the characteristics of electrodeposition in the liquid phase. The process allows us to control the flux of charged material to locations with 100 nm lateral resolution to form bridges and interconnects in selected domains or, in the simplest case, to form straight metallic nanowire arrays whose height and density are adjusted to vary across the substrate.
This reported process can be applied to the combinatorial screening of various types of nanostructured deposits for electronic and optoelectronic device applications/discovery. As a first demonstration in this direction, we test whether the tool can be used to identify/discover electrode designs that improve the carrier extraction efficiencies of bulk heterojunction photovoltaic cells. The approach discussed here does not use mechanical shutters to turn ON/OFF deposition in certain areas and provides programmability with much higher resolution and feature density than prior concepts that have been applied to field of optoelectronics and photovoltaics. [19] [20] [21] [22] We explored different interpenetrating electrode designs in particular three-dimensional (3D) nanowire-based electrode arrays where height and density is adjusted from one domain to the next. The protocol varied pitch from 3 to 5 µm and height from 500 to 900 nm to explore the impact on absorption efficiency (η A ) and minority carrier extraction efficiency (η ED ). The completed solar cell domains share the same substrate, processing, and testing conditions. Short circuit current densities ranged from 7.7 to 12.2 mA/cm 2 . The relative power conversion efficiencies (PCE) increased by 47% in domains that carried dense nanowire arrays when compared to the flat reference on the same substrate.
Results and Discussions. Figure 1 describes the programmable gas phase nanomaterial electrodeposition system where charged material is extracted from the hot plasma region using an externally biased sample that is located in the surrounding low-temperature aerosol region. The system is similar to the original implementation 18 with the exception that it contains multiple metal electrodes Pt, Ag, and W (1 mm rod diameter, Sigma-Aldrich) of the source material instead of a single semiconducting electrode source. The process uses a conventional <100 W DC arc discharge where a concentrated plasma surrounds the tip of the consumable cathode. The sample is located in the surrounding aerosol region and carries differently biased domains to attract charged material of a desired polarity. Furthermore, domains are partially screened using a patterned thin layer of Microposit S1805 photoresist, which provides pores and openings to the underlying conducting and externally biased domains. The resist prevents charge dissipation and the material seeks to deposit into the openings. In the illustration, domain 1 is activated first for a certain deposition time of silver (pink color) and a slightly smaller amount of time in the deposition cycle of platinum (orange color) leading to the respective film thicknesses. Domain 2 is turned ON in the third deposition cycle to receive a platinum layer (orange) as the first layer. No shutters are involved. Figure 1b depicts the current understanding of the process of (i) particle generation, (ii) charging, and (iii) selected area deposition. (i) The process of particle formation through cathode erosion using atmospheric pressure arc discharge is well established. [23] [24] [25] Electrons generated in the plasma region are accelerated by the applied electric field to the anode, producing gas ions (G+) through impact ionization. The gas ions (G+) move and impact the cathode that leads to cathode erosion. (ii) The eroded material (M) leaves the cathode that is surrounded by a positive (G+) space charge region and picks up positive charge resulting in the depicted (M+) particle; negative and neutral particles will be present as well. (iii) Selected area deposition is possible since all charged species are influenced by nearby electrodes. Depicted is the case for a negatively biased (V sub < 0) domain ( Figure 1b ). The deposition process should be considered as an electrodynamic process since the field distribution evolves over time. Mass and electrical mobility of the involved species is important. The depicted gas ions (G+) have a higher electrical mobility than the heavier metal particle. On a time scale and in the initial stages of the experiments the gas ions (G+) arrive at the sample surface first, which results in the depicted sheath of space charge (G+) on the sample surface and alters the potential distribution. Under equilibrium conditions a flux of positive material is established which flows to the conducting and bare electrode sites. The resulting electrical domain current, I d is recorded with an electrometer (Keithley, model 6517A). Figure 1c depicts a graph of the recorded domain current I d as a function of the domain voltage V d which is applied by the electrometer to remove the charged species from the gaseous environment. The graph depicts the results of the ionic currents and particle flux for two different types of discharges: (i) bipolar (+700 V upper electrode, -700 V lower electrode) and (ii) unipolar (+1400 V, 0 V). We choose to use the bipolar case as it provides better control to turn ON and OFF deposition in certain areas than the unipolar scheme that we used initially. The bipolar discharge has the advantage that grounded substrate domains V d ) 0 V yield zero deposition current which is not the case for the unipolar scheme where a positive domain voltage is required to block deposition.
The dimension of the implementation is shown in the photograph (Figure 1d ). The electrodes are enclosed inside an 8000 cm 3 plastic polypropylene chamber that allows the control of the pressure and gaseous environment. The reported results here focused on Pt, Ag, and W, which were found not to be as prone to oxidation as previous experiments that worked with Si and Ge where specialty gases had to be used. Instead all deposition experiments were performed under a relaxed air environment (78% N 2 and 21% O 2 ) at atmospheric pressure. Figure 2 depicts results of localized deposition of various amounts (500 nm to 2 µm) of Ag, Pt, and W where material type, height, and structure is adjusted from one domain to the next. Figure 2a depicts different amounts of silver that have been deposited onto selected domains in a two-step sequence. Selection is done by applying -150 V to 1 µm wide conductive copper domains that run underneath the visible 1 µm diameter and 3 µm pitched photoresist (Microposit S1805) hole pattern. The deposition times on the left and right were 30 and 60 s, respectively. The heights were approximately 550 and 1100 nm yielding a deposition rate of 18 nm/s. This rate is a factor of 20-200 higher than what is achieved in conventional vacuum thermal or e-beam evaporation systems where 0.1-1 nm/s is typical. For 1 µm diameter openings, incoming material is funneled into a region that is approximately 10 times smaller than the opening itself with a positional accuracy of 20-30 nm (STD). The positional accuracy is a relative alignment accuracy with respect to the given photoresist structure; absolute alignment accuracy remains limited by the mask aligner. Resulting deposits grow into well-defined needles/towers with a diameter of about 100 nm. The insulating surface cannot dissipate charge and prevents the deposition of material, which is visible in the figures; no particles are found on the photoresist itself. In fact, the incoming positive material maintains a distance away from the photoresist, which requires a potential landscape or potential trough that favors the material to follow down a 100 nm thin channel to the center of the photoresist opening in the illustrated case. This means that the insulator floats up to a more positive potential in the initial stage of the experiments, which is maintained under equilibrium conditions and is utilized here to form nanolense arrays. Incoming material deposits on top of the advancing structures and maintains the cylindrical nanolens symmetry well above the surface of the 500 nm deep resist openings before they begin to spread out and change shape. Structures maintain the shape if the deposition process is stopped before they grow much taller than the photoresist film thickness itself; much taller structures will change shape similar to the "mushrooming" effect in electrodeposition in the liquid phase which is shown in the Supporting Information Figure S1 .
While it is more difficult to predict the shape under prolonged deposition the structures remain well-defined. This is illustrated in Figure 2b where we have selected the deposition of two different materials. The structures contain about 500 nm of Ag and 800 nm of Pt and show the onset of forking to nearest neighbors. Forking to nearest neighbors is due to the collective behavior of the underlying electrode, photoresist pattern and emerging nanostructures. Both far and near fields need to be considered to understand the forking behavior. At a distance that is sufficiently large, the underlying negatively biased holes are seen as a negative line, which concentrates incoming material into a twodimensional (2D) sheath that is directed toward the surface. In close proximity, the 2D sheath separates into isolated flux channels until they reach the surface of the emerging nanostructures.
The separation into isolated flux channels leads to the observed forking and ultimately the formation of interconnects between nearest neighbors. This is illustrated in Figure  2c where the concept is used to form interconnects between nearest neighbors using a third material, tungsten, and 120 s deposition. Figure 2d repeats this experiment forming a stack of two different materials, 120 s of silver and 90 s of platinum. These are tilted views of the sample. The green and pink colors were added to help distinguish the different domains. The interface is well resolved in the backscattered electron image (BSE), which is sensitive to the atomic number difference of the materials; those with higher atomic numbers (Pt in the shown case) appear brighter. Figure 2e contains material-specific data of the materials that are formed using the arc discharge process. Specifically, we collected some of the material on a copper transmission electron microscope (TEM) grid and analyzed the samples in a TEM (Phillips FEI T12). The inserted TEM image depicts 5 nm silver and 2 nm platinum particles. The particles are typically smaller than 5 nm and are confirmed to be Ag and Pt using energy dispersive X-ray spectroscopy (EDS). The TEM image and EDS for tungsten are included in the Supporting Information. Figure 3 provides results where the programmable gas phase deposition tool has been applied to the general idea of combinatorial screening of nanostructured deposits for electronic and optoelectronic device applications. The specific demonstration focuses on the identification of nanostructured electrode designs that improve the carrier extraction efficiencies of bulk heterojunction photovoltaic cells. The p-n junction where electron-hole pairs are separated is no longer planar in these devices and the electrical contacts and geometry is one of the most critical elements. The use of nanostructured 3D electrodes has been reported previously to improve device efficiency. 26 However, little is known how the density and height variations impact the device performance. The current practice of processing separate substrates in different runs often yields inconclusive answers. To overcome this challenge of processing different substrates we deposited domains of nanowire arrays with different heights and density on a single substrate by controlling the bias levels in the different domains. The protocol varied nanowire pitch from 3 to 5 µm and height from 500 to 900 nm from one domain to the next. Short circuit current densities (J sc ) ranged from 7.7 to 12.2 mA/ cm 2 . The power conversion efficiencies (PCE) increased by 47% in domains that carried dense nanowire arrays when compared to the flat reference topology on the same substrate. Figure 3a illustrates the procedure and the results whereby the substrate was divided into five separate domains. Individual domains were formed using 500 µm wide, 2 cm long, and 150 nm thick ITO regions that are located underneath a 500 nm thick Microposit S1805 photoresist. The resist was patterned to provide 1 µm diameter openings to the ITO domains. The pitch was 5 µm on the left (domains 1and 2) and 3 µm on the right (domains 4 and 5). Domain 3 served as a reference and was not patterned. We first connected domain 1 to the negative bias and grounded the other four ITO domains to prevent deposition in undesired areas. We followed the same procedure on domains 2-5. The deposition times were 40, 60, 0, 40, and 60 s; deposition material was platinum in each case. The SEMs (a 1 -a 5 ) depict the resulting 80-150 nm diameter deposits whereby the height varied from left to right. Specific height values were 600, 900, 0, 500, and 800 nm. The histogram in Supporting Information Figure S3 depicts the measured variation in height in domain 5. The standard deviation (STD) was less than 13.1 nm for the 800 nm tall structures. Supporting Information Figure S4 provides a larger area picture to illustrate the uniformity.
It shows the processing steps and the respective SEMs that are required to complete the devices in Supporting Information Figure S5 . The steps are (1) nanowire deposition using photoresist guides and bias control, (2) removal of the photoresist guides using an oxygen plasma, (3) spin coating of the electron blocking layer (PEDOT-PSS), active blend layer (P3HT-PCBM), and (4) vapor deposition of lithium fluoride (LiF) tunneling layer and aluminum top contact. The graphical representation in Figure 3b shows the 3-dimensional cells and its basic operation. The film thickness and energy level diagram of the used materials are included in Supporting Information Figure S5 . The structure is illuminated from the bottom and electron hole pairs are produced in the active blend layer and separated by the built-in potential between the HOMO of the P3HT donor and the LUMO of the PCBM acceptor material. 27 Holes are collected by the Pt nanostructures and the ITO substrate while electrons are collected at the LiF/Al conical contacts. The graphical representation illustrates wide angle photon scattering due to the curvature of the top LiF/Al reflective contact and bottom nanowire contact where scattering takes place. Wide angle scattering and light trapping is used in the following section to explain the observed measurement results. Figure 3c depicts the recorded current-voltage characteristics. The calculated device parameters are summarized in Table 1 . The tabulated fill factor FF represents the ratio between the measured maximum output power normalized by the product of recorded open circuit voltage V oc and recorded short circuit current I sc . The active area of each domain was 0.02 cm 2 that was determined using the dimensions of the intersecting 500 µm wide ITO bottom and 4 mm wide aluminum top contact. Domains with Pt tower deposits performed better than the flat reference domain No. 3. The relative power conversion efficiency was enhanced by 9.29, 15.4, 40.7, and 47.7% for domains 1, 2, 4, and 5, respectively, when compared to the flat reference domain 3. Most notably, the nanowire deposits have a strong effect on the recorded short circuit current and almost no effect on the open circuit voltage. Dense arrays in domain 4 and 5 produced higher currents (11.9-12.3 mA/cm 2 ) than the less dense arrays in domain 1 and 2 (8.9-9.6 mA/cm 2 ) or the flat reference (7.8 mA/cm 2 ). Increasing the height of the towers from 500 to 900 nm improved the devices as well but at a lesser rate than doubling the density. We also tested wires that were >1.5 µm long and found these to work less favorable; this was attributed to the onset of shorts since some of the wires had an insufficiently thin coating at their top. Five experiments on separate substrates all found domain 5 to have the highest performance. Figure 3d shows the optical absorption spectra, which suggest that the improvement of the device is at least in part due to an increased absorption. The spectra were collected from each domain using a reflection fiber optic micro spectrometer (Ocean Optics, USB4000 VIS-NIR) with a spot size of 400 µm. For example, at 485 nm the relative absorption increased by 15, 17, 25 , and 26% for domains 1, 2, 4, and 5 when compared to the flat reference. The absorption spectra of the domains with nanostructures are also slightly broader than without. These results are in agreement with an earlier study where nanostructured topologies increased light trapping and adsorption. 28, 29 The increased optical absorption alone (up to 26%), however, is insufficient to explain the relative increase in efficiency (up to 48%) for the dense nanowire arrays when compared with the flat reference domain. This mismatch can be explained by the fact that penetrating 3D electrodes are also known to improve electron-hole pairs separation and collection. 30 Like conventional nanowirebased architectures our 3D nanostructured electrodes shares this general idea and should provide a greater degree of freedom for the collection of holes at the Pt towers and electrons at the Al top contact. The combination of the two mechanisms, enhancement of light absorption and improvement of carrier collection, is likely the cause for improvement of the short circuit currents in the different domains. Despite the improvements, the reported power conversion efficiencies remain lower than the current record. [31] [32] [33] Our devices are not fabricated under the exclusion of oxygen, which is known to limit the efficiency to the reported values. For example, domain 5 short circuit current drops by 58% after 10 h of air exposure, which is a common problem for organic thin film solar cells. The exposure to air is presently limited to 10 min but is not completely eliminated since the characterization and evaporation tool are in physically different locations. The strength of the combinatorial approach however remains. It provides many different domains and a flat reference on a single substrate, which provides a more reliable comparison since all domains are exposed to the same testing and environmental conditions.
Conclusions. In conclusion, the developed process can be used to form charged, <5 nm sized particles (silver, tungsten, and platinum) at atmospheric pressure. The material can be deposited to form thick 500 nm to 2 µm nanostructured deposits on selected domains. The sequence and amount of material can be mixed and matched yielding multimaterial deposits like bridges, towers, interconnects, and nanowires where height, density, and material composition can be adjusted from one domain to the next. We anticipate that the process can be extended to other metals as well as semiconductors. Here we used an oxygencontaining environment to deposit metallic material that did not oxidize readily. To extend the atmospheric pressure process to fabricate nonoxidized semiconducting nanostructured deposits is likely going to require a transition to an oxygen-free environment. Little is known about atmospheric pressure deposition systems, which appear to have many distinguishing features when compared to vacuum vapor phase deposition systems. This study reveals that the deposition rate can be at least a factor of 10 higher. The material can be deposited onto desired locations with a minimal lateral resolution of 50-100 nm and a positional accuracy of 20-30 nm (STD). No liftoff is required and less material is lost as a result. The overall cost to build this system is less than $1,000 since it operates at atmospheric pressure. The point source used, however, has some limitation with respect to uniformity if one considers larger (>1 cm 2 ) samples. This could be overcome by extending the process to tip arrays or orbiting substrates, which has not yet been tested. Instead, we decided to apply the method to identify in a combinatorial way 3D nanostructured electrode designs that improve light scattering, absorption, and minority carrier extraction of 3D bulk heterojunction photovoltaic cells. Photovoltaic cells from domains with long and dense interpenetrating nanowire arrays improve the relative power conversion efficiency by 47% when compared to flat domains on the same substrate. We have not yet tested multiple parameters at a time but it should be possible to test other designs where the material is varied from one domain to the next, or where structures are formed that do not simply change the pitch or height. While the interpretation of the results would be more involved such an approach could lead to the discovery of new higher performance architectures. 
